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experimental channel. The resulting surfaces were examined optically and by
scanning electron microscopy, and mass loss was measured. On the basis of
these, it was noted that the niobium offered a measure of protection to the
underlying material, and underwent a different damage mechanism than does
steel. This mechanism is elucidated.
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INTRODUCTION

A "ballistic compressor" is actually a device which uses a compressed driver
gas to quasi-adiabatically compress a test gas. As part of a program to both
investigate the usefulness of such an instrument, and to establish properties of
possible refractory protective surfaces, a series of experiments were carried out
on surfaces of niobium electrodeposited on copper. These are described here and a
picture of the surface damage process is developed in this report.

THE BALLISTIC COMPRESSOR SHOTS

The MTL ballistic compressor attains gas pressures of the order of 2000 atmos-
pheres and temperatures of the order of 5000 Kelvins. In order to obtain high
heat transfer and shearing wipe off conditions simulating those which might occur
in a gun tube or rocket nozzle, the hot gases were constrained to flow through a
channel about 130 micrometers thick by 3.2 m wide for a length of about 1.5 mm.
One side of this channel consisted of the niobium-plated "test" specimen. Unfor-
tunately it was not feasible to construct the other side of the channel of the
same material; instead 4340 steel was used, as sketched in Figure 1.

The test specimens were prepared by electrodeposition from molten fluoride
salts in a FLINAK bath., 2 Depositions were carried out at a bath temperature of S
8000C with a pulse current of 500 microseconds on, and 500 microseconds off, at a
peak density of 40 mA/cm 2 . Specimen A9 was deposited from a solution of NbF 5 dis-
solved in the FLINAK, whereas A47 was from a 10% NbF 5 /10% TaF5 mixture. These
different preparation techniques were used in anticipation of possible different

Flat Piece Notched 4340 SteelA9 and A47

0.125"

0.005" 0.053" for A9
0.013 cm 0.060" for A47

Figure 1. Sample dimensions, showing the narrow erosion/corrosion channel milled in one of the
two pieces which make up the disk.

1. LEVY, M., and PAN, S. K. Refractory Metal Coatings for Control of Gun Tube Erosion. ProceediW of the Tn-Service Gun Tube
Wear and Erosion Symposium, Dover, NJ, 25-27 October 1982, Session IV, p. 354-367.

2. MELLORS, G. W., and SENDEROFF, S. Electrodeposition of Coherent Deposits of Refractory Meta J. Electrochem. Soc., v. 112,
no. 3, p. 266-272, 1965.
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resultant coatings. However, analysis showed that the deposit was practically
pure Nb in-either case. Both sides and the edges of each copper substrate were
coated. The specimens were prepared by polishing off the coating from the faces
of the substrate; these faces then became the faces of the sample disks. The
coating on the edge of the substrate was polished to present a flat surface to be
tested. The residual coating was of the order of 100 micrometers thick for each
specimen.

The test gas was a mixture of 10 percent (by volume) nitrogen in argon,
closely approximating 10 percent by molecules. This mixture was chosen because it
achieves a temperature adequate for melt and wipe off at pressures appropriate
both to gun barrel conditions and to the test section of the MTL ballistic com-
pressor. The half-width of a pressure pulse was typically 1.5 milliseconds for
all shots.

All runs were made with the same initial test gas pressure of 0.5 atmosphere.
The runs were made with varying reservoir pressures (Pr), which serve as a source
of driving force on the piston. These, in turn, determine the maximum pressure of
the compressed test gas (Pmax). Using the results of Lalos and Hammond,3 the
maximum temperature (Tmax) is estimated as being 25 percent lower than that due to
ideal adiabatic pressure with no gas leakage or heat loss to the surroundings.

Before and after each shot, each half of the disc specimen was weighed to an
accuracy of about 10 micrograms. (The sensitivity of the balance was greater than
this and measurements are reported to one microgram.) Each surface was also photo-
graphed before and after each shot. Typical photographs are shown in Figures 2
and 3.

Table I is a summary of the seven compressor shots. A series of six shots
were made on the specimen consisting of the A9 piece. Shot no. 57, the initial
shot in this series, utilized conditions which, experience has shown, lead to
appreciable melt and wipe off of a 4340 sample. Indeed, as shown by the results
in Table 1, there was significant mass loss from the 4340 portion of the sample.
The A9 portion of the sample was inappreciably affected, as seen in Figure 2. To
put the mass loss for the 4340 in perspective, it may be noted that 140 micrograms
represents a thickness of about 4 micrometers, about 3 percent of the initial
channel thickness of 130 micrometers. Thus, subsequent shots (under increasingly
severe conditions) were through a channel which was only changed slightly from the
original, although the total change through the series was about 17 percent of the
original thickness. Our experience has been that the 4340 mass loss under increas-
ingly severe conditions is not as great as might have been expected. This con-
clusion is verified by the fact that the average mass loss in shots 58 to 62 was
no more than in the initial shot. The same conclusion was verified in another way
by shot no. 63 on an unprotected, virgin piece of 4340 steel. In this case, the
loss to the 4340 in one shot was comparable to the total loss in the six shots on
the 4340 paired with A9.

The increasingly severe conditions did have some effect, noticeable at low
magnification, on sample A9, as shown in Figures 2 and 3. These effects were
accompanied by no significant mass loss. There are small indications of dis-
coloration due to chemical effects and a rippled pattern arising from the flow

3. LAOS, G. T., and HAMMOND, G. L. The Balftic Compresor and High Tempemtre Properles of Dense Gaein Experbnental
The m odynamicm Volume 11, Experimental Themodynamics of Non-Reacting Fuhds B. LeNeindre and B. Vodar, ed., Butterworths,
London, 1975, p. 1193-1218.
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Virgin Samples Prior to Shot No. 57

4 *1

Shot No. 57 Shot No. 58

mw

Shot No. 59 Shot No. 80

Shot No. 61 Shot No. 82

Figure 2. Low magnification photographs of paired samples 4340 steel and niobium-coated A9. In each

photo the 4340 is on the left, while AB is on the right. Direction of gas flow is from left to right. Shot •

conditions are listed in Table 1.
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Virgin Samples Prior to Shot No. 63 Shot No. 63

Figure 3. Sample A47 with its paired 4340 steel before and after the shot.
Other particulars are the same as Figure 2.

Table 1. RESULTS OF COMPRESSOR SHOTS

Shot Pr Pmax Tmax Mass Change (ig)

Date No. (atm) (atm) (Kelvin) Notch(GS)* Flat(A9)

12/6/84 57 22.40 1703 4986 -140 -20

12/13/84 58 20.70 1736 5022 -136 -19
12/18/84 59 21.03 1753 5041 - 49 +14

12/21/84 60 21.52 1840 5136 -100 + I

12/28/84 61 22.00 1992 5294 -233 + 4
1/4/85 62 22.62 2162 5463 - 65 - 8

TOTAL MASS CHANGE -723 -28

Notch(GS)* Flat(A47)

1/10/85 63 22.62 2078 5381 -560 + 8

IGS (gun steel) refers to the 4340 half-discs.
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behavior of the moving gases. The single shot on A47 showed more discoloration
than was visible on A9 after the series of six shots. Furthermore, there was more
evidence of disruption of the surface, perhaps arising from deposits connected
with the large mass loss in the 4340 steel. As previously stated, the mass change
in A47 was also negligible.

A significant result of the experiment is that the niobium-plated material,
though not unaffected by the hot gas flow, suffered neither appreciable melt and
wipe off as did the steel nor any flake off, which might have arisen from poor
bonding to the substrate. Repeated exposures to the erosion conditions did,
however, give rise to observable cracking, as discussed below.

Additional analysis, using Auger electrons for example, would clearly be
desirable, but could not be carried out with the resources available to the
present project.

SCANNING ELECTRON MICROSCOPY (SEM) EXAMINATION

After all shots were made, SEN micrographs were taken of the two niobium-plated
samples. The A9 had been subjected to a series of shots of increasing intensity,
whereas A47 was subjected to a single shot comparable in intensity to the last shot
on A9. Although the preparation conditions for the two samples were different, we
assume, based on the measured compositions, that the coatings were substantially the
same.

In most of the micrographs the marks left by the polishing are plainly visible.
These serve as valuable references and are helpful in explaining the processes which
took place during the firings. In all cases the gas flow was from the bottom to the
top of the micrographs. The location of each micrograph on the sample is indicated
in Figure 4, the micrographs themselves being given in Figures 5 and 6 (reversed
from left to right from the actual situation shown in Figures 2 through 4).

The single shot on A47 yielded more visible discoloration than did the totality
of shots on A9. This effect is also seen in micrograph 1 which shows the interface
between the damaged and undamaged regions of the sample. (The damaged region, which
appears light and is on the right of the micrograph, is that which appears discolored
to the naked eye.) The explanation is offered by micrographs 2 and 4, which show
this interface at higher magnification. Note that the damage (on the right side) is
not sufficient to obliterate the polishing marks, but that the surface is noticeably
disturbed. This disturbance is also shown in micrograph 5 where the leading edge is
noticeably more swirled than is the trailing edge. Thus, we note that the swirling
is more conspicuous at the leading edge and along the boundaries of the channel than
it is in the central and trailing portions of the channel. Although some damage was
evident, to a greater or lesser degree, everywhere on the exposed surface, no crack-
ing of the niobium was observed.

The series of shots on A9 had quite a different effect resulting in an appre-
ciably different appearance to the naked eye, as well as to the SEN. The basic dif-
ference is that the most conspicuous swirling was in the central and trailing por-
tions of the channel. Micrograph 11, taken at the same magnification as micro-
graph 1, shows the conspicuous feature at the upper left marking the boundary of the
channel. Note that the swirling is much reduced in just the regions where it was

5



greatest in A47. On the other hand, in the central portion (represented by the
upper right hand portion of micrograph 11) where the swirling is greatest in A9,
this swirling is more evident, even at Hag. 10OX, than is the swirling in micro-
graph 1. This general behavior, that the entrance surface of A47 resembles the exit
region of A9, is confirmed by micrograph 10. Here we see an appearance more like
micrograph 4 (of the leading edge) than like micrograph 2 (of the trailing edge).
Note that the region of reduced swirling (on the left in micrograph 10) is still
well within the boundaries of the channel.

The origin of the swirling is further defined by micrograph 13 taken away from
the damaged region, 14 taken at the leading edge, and 15 taken at the trailing edge,
all at high magnificatiin. The polishing marks are readily visible in 13, are some-
what obscured in 14 and are essentially invisible in 15. However, 15 suggests that
the polishing marks have been covered over, especially in view of the obvious cover-
ing over of the cracks by a deposit.

Quite a number of these cracks were observed in A9. Micrograph 15 suggests
that these cracks appear after some of the deposit was laid down, but before the
remainder of the deposit was laid down. Thus, we conclude that the cracks occurred
during one or more of the firings of the ballistic compressor. This is confirmed by
micrograph 16, which shows a crack under high magnification. Several features
formed during an early shot clearly bridge the gap of the crack.

.5

LJ2
Channel Region

- Boundary of Channel

Sample A47 M -.
.15
U.

a 013
16

.0

O Sample Ag 14

Figure 4. Location of selected SEM micrographs in relation to channel regions of A9 and
A47. The numbering scheme identifies the actual micrographs along with their magnifica-
tions as shown in the succeeding Figures 5 and 6.
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Micrograph 1 Mag. 75X Micrograph 2 Mag.375X

4P~

Micrograph 4 Mag. 375X Micrograph 5 Mag, 375X

Figure 5. SEM micrographs of niobium-coated sample A47. Direction of gas flow is from bottom to top.
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Micrograph 1 Mag. 375OX Micrograph 1 Mag. 75OX

1/ 5

Micrograph 15 Mag. 150OOX Micrograph 16 Mag. 1750OX
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CONCLUSIONS

From all these results we obtain the following picture of the damage process,
which takes place with negligible mass removal in the present instance. The first
stage of damage is a swirling of the surface, leaving the polishing marks more or
less intact. Further damage removes this swirling from some portions of the sample,
but results in the deposited appearance, shown in micrograph 15, elsewhere in the
sample. This effect, which we have termed a redeposit, completely obliterates the
polishing marks. The most affected parts of a channel are the leading edge and the
side boundaries. In a single shot there is the greatest disturbance of the surface
in these areas. In a multiple shot situation, the disturbance is wiped off in these
regions and redeposited in the central and trailing sections. This leaves the lead-
ing and boundary portions looking more like their original appearance than does a
single shot. The redeposited region, on the other hand, is far different than the
original. Furthermore, the repeated firings lead to cracking of niobium plated on
copper.

Although the Nb coating underwent the damage just described, it is noteworthy
that the mass loss to the Nb was far less than to 4340 steel under similar conditions.

These conclusions show that the ballistic compressor can be used to produce
interesting effects on refractory materials. Much more work would be required to

*make statements about the comparative suitability of such refractory surfaces in
applications.

pWi9



DISTRIBUTION LIST

No. of No. of
Copies To Copies To

Office of the Under Secretary of Defense for Research and Director, U.S. Army Research & Technology Labs.
Engineering, The Pentagon, Washington, OC 20301 Ames Research Center, Moffet Field, CA 94035

1 ATTN: Mr. J. Persh I ATTN: OAVDL-O, Dr. R. Carlson
I Dr. L. Young I DAVDL-AL-D, Or. I. C. Statler, MS215-1,
1 Mr. K. R. Foster Aeromechanics Laboratory

Commander, U.S. Army Laboratory Command, 2800 Powder Commander, U.S. Army Missile Command, Redstone ScientificMill Road, Adelphl, MO0 20783-1145 Information Center, Redstone Arsenal, AL 35898-52412 ATTN: SLCIS-IM-TL I ATTN: ANSMI-RO-CS-R/ILL Open Lit

1 SLCIS-TO 1 ANSNI-RL, Dr. J. J. Richardson
I SLCIS-TD-A 1 AISMI-R. Dr. W. C. McCorkle
1 SLCIS-PA
I SLCIS-TP Commander, U.S. Army Aviation Systems Command, P.O. Box 209

St. Louis, MD 63120
Commander. Defense Technical Information Center, Cameron 1 ATita ;MSAV-NS, Mr. M. L. Bauccio
Station, Building 5, 5010 Duke Street. Alexandria. 1 Technical Library
VA 22304-6145

2 ATTN: OTIC-FOAC Comander. U.S. Army Natick Research. Development, and
Engineering Center, Natick. MA 01760

1 National Technical Information Service, 5285 Port Royal I ATTN: Technical Library
Road, Springfield, VA 22161 I Dr. J. A. Sousa

1 Dr. R. J. Byrne
Director, Defense Advanced Research Projects Agency, I Dr. R. Lewis
1400 Wilson Boulevard, Arlington, VA 22209

1 ATTN: Dr. P. Parrish Commapder, U.S. Army Satellite Communications Agency,
1 Dr. B. Wilcox Fort Monmouth, NJ 07703
1 Dr. K. Hardmann-Rhyne 1 ATTN: Technical Oocument tenter

Battelle Columbus Laboratories, Metals and Ceramics Commander, U.S. Army Science and Technology Center
Information Center, 505 King Avenue, Columbus, OH 43201 Far East Office, APO San Francisco, CA 96328

1 ATTN: Mr. W. Duckworth 1 ATTN: Terry L. McAfee
1 Dr. 0. Niesz

Commander, U.S. Army Communications and Electronics Command,
Department of the Army, Office of the Assistant Secretary Fort Monmouth, NJ 07703
of the Army (RDA), Washington, DC 20310 1 ATTN. AI4SEL-TDD. Mr. T. A. Pfeiffer, Technical Dir.

1 ATTN: Dr. J. G. Prather, Dep for Sci & Tech
1 Or. J. R. Sculley, SARD Director. Electronic Technology and Devices Lab,

Fort Monmouth, NJ 07703
Deputy Chief of Staff, Research, Development, and 1 ATTN: DELET-O, Dr. C. G. Thornton
Acquisition, Headquarters, Department of the Army,
Washington, OC 20310 Commander, U.S. Army Tank-Automotive Command, Warren,

-1 ATTN: DA4A-ZE, Mr. C. H. Church MI 48090
1 ATTN: Dr. W. Bryzik

Commander, U.S. Army Research and Development Office, 1 0. Rose
Chief Research and Development, Washington, DC 20315 1 ANSTA-RKA

SATTN: Physical and Engineering Sciences Division 1 AMSTA-UL, Technical Library

I ANSTA-R
Commander, Army Research Office, P.O. Box 12211, Research 1 AMSTA-NS, Dr. H. H. Dobbs
Triangle Park, NC 27709-2211

1 ATTN: Information Processing Office Commander, U.S. Army Armament. Munitions and Chemical
1 Dr. G. Mayer Command, Dover, NJ 07801
I Or. J. Hurt 1 ATTN: Mr. J. Lannon
1 Or. A. Crowson 1 Mr. H. E. Pebly, Jr., PLASTEC, Director
1 Dr. R. Reeber I Technical Library
1 Dr. R. Shaw 1 Dr. T. Davidson
I Or. R. E. Weigle 1 Or. B. Ebihara

I AMSMeC-LC(O), Dr. J1. T. Frasier
Commander, U.S. Army Materiel Command, 5001 Eisenhower
Avenue, Alexandria, VA 22333 Comander, U.S. Army Armament. Munitions and Chemical

1 ATTN: AICLO, Dr. L. Hagan Command, Rock Island, IL 61299
1 AMCDE, Mr. 0. L. Griffin I ATTN: Technical Library
I AMCQA-EQ, Mr. H. L. Light

• 1 AMCQA, Mr. S. J. Lorber Cmander, U.S Army Armament, Munitions and Chemcal
Command, Aberdeen Proving Ground, MD 21010

Commander, U.S. Army Electronics Research and Development 1 ATTN: AMSMC-CLN-ST. Mr. S. Shukis
Command, Fort Monmouth, NJ 07703

1 ATTN: AMDET-ES, Dr. A. Tauber Commander, Aberdeen Proving Ground, MO 21005
1 ATTN: ANOAR-CLB-PS, Mr. J. Vervier

Director, Electronics Warfare Laboratory, Fort Monmouth,
NJ 07703 U.S. Army Corps of Engineers, Construction Engineering

1 ATTN: ANDEW-D, Mr. H. Adler Research Lab, P.O. Box 4O5, Champaign, IL 61820
1 ATTN: Dr. Robert Quattrone

Commander, U.S. Army Materiel Systems Analysis Activity,
Aberdeen Proving Ground, MD 21005 Commander, U.S. Army Belvoir RD&E Center,

1 ATTN: AI4XSY-IU, H. Cohen Fort Selvoir, VA 22060-5606
1 ATTN: STRBE-FS, Mr. W. McGovern, Fuel & Wtr Sup Div

Commander, U.S. Army Night Vision Electro-Optics 1 ANOME-V, Mr. E. York
Laboratory, Fort Belvoir, VA 22060 1 ANDME-HS, Or. K. H. Steinbch

1 ATTN: DELNV-S, Mr. P. Travesky 1 AMME-ZT, Mr. T. W. Lovelace, Tech Dir
1 DELNV-L-O, Dr. R. Buser 1 Mr. M. Lepera
1 DELNV-D, Dr. L. Cameron

Director, U.S. Amy Ballistic Research Laboratory,
Commander, Harry Diamond Laboratories, 2800 Powder Hill Aberdeen Proving Ground, MD 21005
Road, Adelphi, MD 20783 I ATTN: AMDAR-BLT, Dr. A. M. Dietrich

1 ATTN: Technical Information Office 1 M0AR-BLF, Dr. A. Niller
I AMSLC-AAE I MIIAR-BLI, Mr. L. atermeier

1 ANSAMC-BL(A), Dr. R. J. Eichelberger



No. of No.
Copies To Copies To

Cmander, Rock Island Arsenal, Rock Island, Cmmander, Air Force Armament Center, Eglin Air Force
IL 61299 Base, FL 32542

1 ATTN: SARRI-EN 1 ATTN: Technical Library

Director, U.S. Army Industrial Base Engineering Activity, National Aeronautics and Space Administration, Lewis
Rock Island, IL 61299 Research Center, 21000 Brookpark Road, Cleveland,

1 ATTN: ANXI-11T, Mr. G. B. Ney OH 44135
1 ATTN: J. Accurio, USAMRDL

Chemical Research and Development Center, Aberdeen 1 Dr. H. B. Probst, MS 49-1
Proving Ground. NO 21010 1 Dr. S. Dutta

1 ATTN: LMSNC-CLO(A), Dr. B. Richardson
National Aeronautics and Space Administration, Washington,

CIander, U.S. Amy Test and Evaluation Command, DC 20546
Aberdeen Proving Ground, MD 21005 1 ATTN: AFSS-AD, Office of Scientific and Technical Info.

I ATTN: AIMSTE-ME
1 AISTE-TO, Mr. H. J. Peters National Aeronautics and Space Administration, Langley

Research Center, Hampton, VA 23665
Coander; U.S. Army Foreign Science and Technology Center, 1 ATTN: Mr. J. Buckley, MS 387
220 7th Street, N.E., Charlottesville, VA 22901 1 Dr. J. Heyman, MS 231

1 ATTN: Military Tech 1 Mr. R. L. Long, MS 266
I Mr. J. Crider
I Ms. P. Durrer Commander, White Sands Missile Range, Electronic Warfare
1 Mr. P. Greenbaum Laboratory, OMEW, ERADCOM, White Sands, NM 88002

1ATTN: Mr. Thomas Reader, ANSEL-WLM-ME

Chief, Benet Weapons Laboratory. Watervliet, NY 12189 
i

I ATTN: AMDAR-LCB-TL Department of Energy, Division of Transportation.
1 Dr. G. D'Andrea 20 Massachusetts Avenue, N.W., Washington, DC 20545
1 AMDAR-LCB, Dr. F. Sautter 1 ATTN: Mr. G. Thur

1 Or. R. J. ottschall, ER-131, GTN

Director, Eustis Directorate, U.S. Army Mobility Research 
D

and Development Laboratory, Fort Eustis, VA 23604 Department of Transportation, 400 Seventh Street, S.W.,
1 ATTN: SAVOL-E-MOS (AMCCOM) Washington, DC 20590

1 ATTN: Mr. M. Lauriente
Commander, U.S. Army Engineer Waterways Experiment Station,
Vicksburg, MS 39180 1 Mechanical Properties Data Center, Belfour Stulen Inc.,

1 ATTN: Research Center Library 13917 W. Bay Shore Drive, Traverse City, MI 49684

Project Manager, Munitions Production Base, Modernization National Bureau of Standards, Washington, DC 20234
and Expansion, Dover, NJ 07801 1 ATTN: E. S. Etz, Bldg. 222, Rm A-121

1 ATTN: AMCPM-PBMP 1 0. L. Hunston, Bldg. 224, Rm A-209
1 Dr. 0. H. Reneker, Dep. Dir., Ctr for Matt's Sci.

Technical Director, Human Engineering Laboratories, Aberdeen 1 Dr. Lyle Schwartz
Proving Ground, NO 21005 1 Dr. Stephen Hsu

I ATTN: Technical Reports Office 1 Dr. Allan Oraggoo
1 AMXHE-D, Dr. J. D. Weisz

U.S. Bureau of Mines, Mineral Resources Technology,
Chief of Naval Research Arlington, VA 22217 2401 E. Street, N.W., Washington, DC 20241

1 ATTN: Code 471 1 ATTN: Mr. M. A. Schwartz
1 Dr. A. Diness
1 Dr. R. Pohanka National Bureau of Standards, Gaithersburgh, MO 20760

1 ATTN: Dr. S. Wiederhorn
Naval Research Laboratory, Washington, DC 20375 1 Dr. J. B. Wachtman

1 ATTN: Code 5830 1 Dr. N. Tighe

Headquarters, Naval Air Systems Command, National Research Council, National Materials Advisory
Washington, DC 20360 Board, 2101 Constitution Avenue, Washingtnn, DC 20418

1 ATTN: Code 5203 1 ATTN: Dr. K. Zwilsky
1 0. Groves

Headquarters, Naval Sea Systems Command, 1941 Jefferson 1 R. M. Spriggs
Davis Highway, Arlington, VA 22376 1 J. Lane

I ATTN: Code 035
National Science Foundation, Materials Division, 1800

Headquarters, Naval Electronics Systems Command, G Street, N.W., Washington, DC 20006
Washington, DC 20360 1 ATTN: Dr. L. Toth __

1 ATTN: Code 504 1 Dr. J. Hurt

Comander, Naval Ordnance Station, Louisville, KY 40214 AiResearch Manufacturing Company, AiResearch Casting
1 ATTN: Code 85 Company, 2525 West 190th Street, Torrance, CA 90505

Comander, Naval Material Industrial Resources Office, I ATTN: Mr. K. Styhr

Building 537-2, Philadelphia Naval Base, Philadelphia, AVCO Corporation, Applied Technology Division. Lowell
PA 19112 Industrial Park, Lowell, MA 01887

1 ATTN: Technical Director "1 ATTN: Dr. T. Vasilos

Comander, Naval Weapons Center, China Lake CA 93555 Case Western Reserve University, Department of Metallurgy.
1 ATTN: Mr. F. Markarian Cleveland, OH 60605

1 ATTN: Prof. A. H. Heuer
Commander, U.S. Army Wright Aeronautical Labs, Wright-
Patterson Air Force Base, OH 45433 Defence Research Establishment Pacific, FMO, Victoria.

1 ATTN: Dr. N. Tallan B.C., VOS 180, Canada
1 Dr. H. Graham 1 ATTN: R. D. Barer
1 Dr. R. Ruh
1 Aero Propulsion Labs, Mr. R. Marsh European Research Office, 223 Old Maryleborne Road, London,
1 Dr. H. M. Burte NM1 - 5th, England
1 AFWAL/MtLLP, Mr. D. Forney 1 ATTN: Dr. 1. Airad
1 AFML/NLLM, Mr. H. L. Gegel
1 AFSC/MLLM, Dr. A. Katz



No. of N. of
Copies To Copies To

Ford Motor Company, Turbine Research Department, 20000 Rensselaer Polytechnic Institute, Department of Materials
Rotunda Drive, Dearborn, MI 48121 Engineering, Troy, NY 12181

1 ATTN: Mr. A. F. McLean 1 ATTN: R. J. Defendorf
1 Mr. J. A. Mangels Oak Ridge National Laboratory. P.O. Box X

Ford Motor Company, P.O. Box 2053, Dearborn, MI 48121 Oak Ridge, TN 37830
1 ATTN: Dr. 0. Compton, Vice President, Research I ATTN: P. F. Becher

1 V. J. Tennery
General Electric Company, Research and Development Center, 1 R. Johnson
Box 8, Schenectady, NY 12345

1 ATTN: Dr. R. J. Charles Sandia Laboratories, Albuquerque, MMI 87185
1 Dr. C. 0. Greskovlch 1 ATTN: Or. F. Gerstle, Div 5814
1 Or. S. Prochazka

The John Hopkins University, Department of Civil Engineering/
Georgia Institute of Technology, EES. Atlanta, GA 30332 Materials Science and Engineering, Baltimore, NO 28218

1 ATTN: Mr. J. D. Walton 1 ATTN: Dr. R. E. Green, Jr.

GTE Sylvania, Waltham Research Center, 40 Sylvania Road, 1 Director, Office of Science and Technology Policy, Old
Waltham, MA 02154 Executive Office Building, Washington, DC 20223

1 ATTN: Dr. W. H. Rhodes
Subcommittee on Science, 2319 Rayburn House Office Building,

Martin Marietta Laboratories, 1450 South Rolling Road, Washington, DC 20515
Baltimore, MD 21227 1 ATTN: Mr. P. C. Maxwell

1 ATTN: Dr. J. Venables
Aerospace Corporation, Materials Science Laboratory,

Massachusetts Institute of Technology, Department of 2350 East El Segundo Boulevard, El Segundo, CA 90245
Metallurgy and Materials Science, Cambridge, MA 02139 1 ATTN: Dr. L. R. McCreight

1 ATTN: Prof. R. L. Coble
1 Prof. H. K. Bowen IBM Corporation, Thomas B. Watson Research Center,
1 Prof. W. 0. Kingery Yorkstown Heights, NY 10598
1 Prof. J. Vander Sande 1 ATTN: Dr. G. Onoda

Materials Research Laboratories, P.O. Box 50, Ascot Vale, Corning Glass Works, Research and Development Division,
VIC 3032, Australia Corning, NY 14830

1 ATTN: Dr. C. W. Weaver I ATTN: Dr. W. R. Prindle

Midwest Research Institute, 425 Volker Boulevard, 314 Company, New Products Department, 219-01-01, 3M Center,
Kansas City, NO 64110 St. Paul, MR 55144

1 ATTN: Mr. G. W. Gross, Head, Physics Station 1 ATTN: R. E. Richards

Pennsylvania State University, Materials Research Laboratory, Technology Strategies. Inc.. 10722 Shingle Oak Ct.,
Materials Science Department, University Park, PA 16802 Burke, VA 22015

1 ATTN: Prof. R. Roy 1 ATTN: Or. E. C. Van Reuth
I Prof. R. E. Newnham

Prof. R. E. Tressler Rutgers University, Center for Ceramics, Rm A274,
1 Dr. C. Pantano P.O. Box 909, Piscataway, NJ 08854
1 Mr. C. 0. Ruud 1 ATTN: Prof. J. B. achtman, Jr., Director

State University of New York. at Albany, Department of Syracuse University, 304 Administration Building,
Physics, Albany, NY 12222 Syracuse, NY 13210

1 ATTN: Prof. W. A. Lanford I ATTN: Dr. V. Weiss

State University of New York at Stony Brook, Department of Lehigh University, Materials Research Center #32,
Materials Science, Long Island, NY 11790 Bethlehem, PA 18015

1 ATTN: Prof. F. F. Y. Wang 1 ATTN: Dr. D. M. Smyth

Stanford Research International. 333 Ravenswood Avenue, Alfred University, Center for Advanced Ceramic Technology,
Menlo Park, CA 94025d Alfred, NY 14806

1 ATTN: Dr. P. Jorgensen 1 ATTN: R. M. Spriggs
1 Dr. D. Rowcliffe

Alfred University, New York State College of Ceramics,
United Technologies Research Center, East Hartford, CT 06108 Alfred, NY 14802

1 ATTN: Dr. J. Brennan 1 ATTN: Dr. R. L. Snyder
1 Dr. K. Prewo

University of California, Center for Advanced Materials,
University of California, Lawrence Livermore Laboratory, 058, Hildebrand Hall, Berkeley, CA 94720
P.O. BOx 808, Livermore, CA 94550 1 ATTN: Prof. G. Somorjai

1 ATTN: Mr. R. Landlngham
I Dr. C. F. Cline Boeing Aerospace Company, 11029 Southeast 291, Auburn,
1 Dr. J. Birch Holt MA 98002

I ATTN: N. E. Strobelt
University of Florida, Department of Materials Science and
Engineering, Gainevislle, FL 32611 University of California, Materials Science and Mineral

1 ATTlI: Dr. L. ench Engineering, Heart Mining Building, Sm 284, Berkeley,
CA 94720

University of Washington, Ceramic Engineering Division, FB-10, 1 ATTN: Prof. G. Thomas
Seattle, WA 98195

1 ATTN: Prof. R. Bradt Director, U.S. Army Materials Technology Laboratory,
Watertown, MA 02172-0001

Westinghouse Electric Corporation, Research Laboratories, 2 ATTN: SLCMT-IML
Pittsburgh, PA 15236 3 Authors

1 ATTN: Dr. R. J. Bratton

Battelle Pacific Northwest Lab, NOT Section, Richland,
MA 9353

1 ATTN: Mr. A. Birks, Associate Manager



r=- Q, - , E l .

Z-2n a6 " o
-, -

*-- CS o r 0 ,aC- M ~
S 4, m Cc I! T CL a,

W 4L4C a I 

(W C . -C .- .- 6*~, 4.C
Z~ ~~ Q' 0 CL -. o1E ~ J O V C

.0,, a l , CW 0 IV 4,

m:a 4 : 'T 4

I I L

~;01 -U. r.-. CL .. 3

910 C. u 4,4 1 ~
go 0- IcMa 0=

-c C4 we*

='Z 6S 10 cL ,J
:R co r G co4 W 1

06 V.O 0 3CC -C wo

71 4, 1.0 L 4

C4..L UL C ,
n ~41C 44

t Q6- v ,-1 w 460.
V 0 -c~.

L z .s C~i cr '0 all'- OJ

- a,,- ~CY
CC'4~~~ ::.!,, '4 - C4 ML4V

06 ' cc

aca - C a 6
.006

w"- c 1 (.j 06 -6
Fl- 14 10 -

L.L ~~~ ~C wUk4~-L ~'~

ow0Z C 06 .- o



w w www w w~ IV w w lW S


